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ABSTRACT 

Given the existence of the Mbh - c relation, models of self -regulated black hole (BH) growth require both a 
fuel supply and concomitant growth of the host bulge to deepen the central potential, or else the system will 
either starve or immediately self-regulate without any sustained activity. This leads to a generic prediction 
that the brightest quasars must be triggered in major mergers: a large fraction of the galaxy mass must be 
added/converted to new bulge mass and a galactic supply of gas must lose angular momentum in less than 
a dynamical time. Low-luminosity active galactic nuclei (AGN), in contrast, require little bulge growth and 
small gas supplies, and could be triggered in more common non-merger events. This leads to the expectation 
of a characteristic transition to merger-induced fueling around the traditional quasar-Seyfert luminosity divide 
(growth of BH masses above/below ^ Mq). We compile and survey a number of observations in order 
to test several predictions of such a division, including: (1) A transition to bulge-dominated hosts (which any 
major merger remnant, regardless of difficult-to-observe tidal features, should be). (2) A transition between 
"pseudobulges" and "classical" bulges hosting the remnant BHs: pseudobulges are formed in secular processes 
and minor mergers, whereas classical bulges are relics of major mergers. (3) An increase in the amplitude 
of small-scale clustering (increased halo occupation of small group environments) where mergers are more 
efficient. (4) Different redshift evolution, with gas-rich merger rates rising to redshifts z > 2 while secular 
processes are relatively constant in time. (5) An increasing prominence of post-starburst features in more 
luminous systems. Our compilation of observations in each of these areas provides tentative evidence for the 
predicted division around the Seyfert-quasar threshold, and we discuss how future observations can improve 
these constraints and, in combination with the tests here, break degeneracies between different fueling models. 
Subject headings: quasai^s: general — galaxies: active — galaxies: evolution — cosmology: theory 



1. INTRODUCTION 



The discovery of tight correlations between black hole 
(BH) mass and properties of the host galaxy spheroid, in - 
cluding spheroi d luminosity (LK ormend y & Richstonelll995h . 
stellar mass (Maaorrian et al. 1998) ). velocity dispersion 
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2000), concentra- 
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12007). have fundamenta l implications for the growth of black 
holes and - given the ISoltanI (11982b argument which im- 
plies that most black hole mass was assembled in luminous 
quasar phases (for more recent versions of this c alculation, see 
e.g. Salucci et al. 1999; Yu & Tremain^ 120021: iHopkins et all 
H)07d; Shankar et al. 200^ - corresponding quasar activity. 

In order to explain not just the normalization but also 
the sm all (factor < 2 ) obse rved scatter in these corre- 
lations dTremaine et al.l 120021) . models generically require 
some sort of self-regulated growth (e.g. Silk & Rees 1998; 
Burkert & Silk 2001; Wyithe & Loeb 2002; Di Matteo et al. 
2005; Hopkins et al.j_g005al l2007b a; Mui Tav et all 120051: 
Thompson et al., i2005l) . Because the BH represents such a 
small fraction (~ 10"^) of the galaxy mass, it is difficult (if 
not impossible) to avoid at least the occasional rare situation 
in which > 100 times the implied BH mass, from e.g. the 
Mbu - <J relation, in cold gas is stripped of angular momen- 
tum and should accrete rapidly (given either e.g. Bondi or 
thin-disk accretion), giving rise to BHs well off the observed 
correlation and orders of magnitude outside the scatter This 
concern has led models to invoke some form of feedback from 
the BH as a self-regulation mechanism: regardless of the de- 
tails, once the BH reaches some critical mass, if a small frac- 
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tion (< 5%) of the radiant energy (~ 0.5% of the accretion en- 
ergy) or momentum can couple to the nearby gas, then simple 
scalings show that gas will be unbound and not able to accrete. 
The equilibrium between the coupled energy/momentum and 
the depth of the central potential therefore sets the maximum 
black hole mass. 

In addition to the nature and small scatter of the ob- 
served BH-host correlation s, there is increasing ev idence for 
a process of this nature. Hopkin s et al.l (|2007Bla) pointed 
out that these scenarios generically imply that the most ba- 
sic correlation is really between BH mass and central po- 
tential depth/spheroid binding energy, and demonstrated in 
the observations a ^ 3ct preference for such an association 
(i.e. the only relationship with no residual correlations re- 
maining between B H mass and other host galaxy properties). 
lAUer & Richston j (l2007b found a similar result in an inde- 
pendent analysis of the observations modeling the central po- 
tential in generality, including the contribution of disks and 
halos. 

Moreover, although it remains unclear which feedback pro- 
cesses are the most important for this self-regulation, nu- 
merous such mechanisms are observed to be ubiquitous in 
quasar populations, including intermediate-scale winds, ac- 
cretion disk outflows, jets, ionization fronts, Compton heat^ 
ing, radiation pressure , and shocks (see e.g. Wevmann ( 
'l98lVStark & Carlson 1984; Baum et al. 1993; Colbert ( 
1996b a. 1998; .LaoretaL 1997: CrenshaweLaL 2QQC 
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Bifler et al. 2004; Whittle & Wilson 2004; Steenbru22e et aD 
2005- Rupke et al 2005; Veilleux et al. 2005; Green 2006F 
Rice et alJ l20'06riGabel et all l2006t iKrongold et alJ 120071: 



2 



Hopkins et al. 



iMcKernan et"ai]|2007h . 

In addition, although the exact normahzation and scat- 
ter may evolve with redshift (potentially related to evolu- 
tion in host galaxy properties setting the centra l po t ential , 
or evolution in feed back physics; see e.g. Croton 2006; 
iHopkins et al.ll20()7ah . observations increasingly indicate that 
BH-host correlations are in place even at high redshifts 
jShields etal."2003l; l\Valter et al."200?, 'Merloni et al."2004 
Adelberger & Steide flToOSl; Woo et al. 2006; PengetaL] 
2006t IShankar e t al. 2008| ) and in irregular or dis t urbed sys- 
tems jBorvs et al. 2005; [Alexander etall l2008t iKim etalj 
l2008l) . further demanding some form of self-regulation (as 
opposed to e.g. coincidence or fine-tuning from non self- 
regulating BH growth mechanisms). 

If BHs grow in a self -regulated manner, then their evolu- 
tion must be thought of as fundamentally determined by the 
growth of their host spheroid. If the spheroid is not large 
enough - if the central potential is no deeper - then a system 
that has already regulated its growth will simply enter into 
a high-feedback mode and immediately self-regulate when 
new gas is channeled into the central regions, regardless of 
how large a gas supply is fed to the BH. If this were not the 
case, again the problem of explaining the observed tightness 
of the BH-host correlations would present itself. "Growing 
the monster" requires not just a fuel supply, but also concomi- 
tant bulge growth, in order to raise the limit to which the BH 
can accrete before self-regulating. 

Given the frequency of e.g. minor mergers and other pro- 
cesses that can remove angular momentum fr om at least some 



of the gas in the central regions of a galaxy (Lin et al. 2004 
Woods etal. 2006; Mailer etal. 2006; Barton et al. 2007 
Woods &Geller 2007; Stewart etal. 2007; Fak houri & Ma 
2008;, Younger et al..,2008: .Hopkins et al...2008d) . simple cos- 



mological calculations (as well as a survey of the abun- 
dance of massive bulges in the Universe) suggest that the big- 
ger problem which must be overcome in order to allow BH 
growth may be the growth of bulges, not the removal of an- 
gular momentum from gas. In any event, the two cannot be 
considered separately. 

This consideration leads to a new framework in which 
Seyfert and quasar fueling mechanisms must be evaluated. It 
has long been pointed out that major, gas-rich galaxy-galaxy 
mergers represent a vi able means to fuel at least some 
quasar s IStocktonll 19781: iH eckman et a LlfTosl ISanders etaLl 
1988allbt IStockton & MacKent viil987c [Stockton & RidgwaV 
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2007; Bennert et al. 2008|), and indeed it is generally ac 
cepted that although all quasars may not be mergers, all 
gas-rich mergers will induce AGN activity at s ome level 
(see references above and e.g. iHopkins et al.l 1200 6). These 
encounters also have the advantage that, when two spirals 
merge, the disks are converted into spheroid and the bulge 
further grows via centrally concentrated star formation in 
a merger-induced starburst (Kormendv & Sanders 1992; 
Mihos & Hernauist 1994a b, 1996; Hibbard & Yun 1999t 
Robertson et al. 2006b; NaabetaL 2006; Cox et al. 2006al; 
Hopkins et al. 2008e a.i.b). This deepens the central potential 
considerably - so not only does such a merger strip gas of 
angular momentum at all levels and provide a fuel source 
to the BH, but it also increases the binding energy of the 
inflowing material, meaning that the BH must grow larger by 
a significant factor in order to self-regulate and ultimately lie 



on the observed BH-host correlations. 

There are, however, many alternative mechanisms by which 
a nuclear BH could be fueled, and these will generically 
be more common in gas-rich (especially low-mass) galax- 
ies. These include minor mergers (mass ratios 1 : 10 or 
so), angular momentum lo ss from stel lar-Hgas bar systems 
in disks (for a review see iJoged |2004|) . the stochastic ac- 
cretion of cold molecular clou ds that happen to b e near the 
BH or on scattered trajectories (IHopkins & Hernq uist 2006), 
and Bondi-Hoyle spherical accretion of hot gas from the 
diffuse, pressure-supported atmosphere in th e central bulge 
(see e.g. lAllen et al.) 120061: iBest et al.l l2007l and references 
therein). However, these mechanisms are much less effi- 
cient (or even completely inefficient) at growing the bulge. 
Although it is possible to get some growth of the bulge 
and central potential from e.g. bars in isolated galaxies, 
most numerical exp e riments and cosmological simulations 
(ICombes et al."1990^, 'Naab & Burkert? '2003^, 'Bournaud et all 
2005; Athanassoula 2005; Debattista et al. 2006; Naab et aT] 
12007c I Younger e t al. 2008; Hockins et al. 2008c d) as well 
as observati ons (O'Neill & Dubinski 2003; Sheth et al. 2003; 
Jogee et al. 2004; Driver et al]2007l;lMarinova & Jogee 2007; 



iBarazza et al., ,2008,) suggest that it is becomes difficult 
to get significant growth in these channels above a stel- 
lar mass ^ IO'^Mq, corresponding to a hosted BH mass 
^ IO^Mq, and the more massive bulge population will 
be increasingly dominated by systems whose growth pri- 
marily ca me in major mergers (for m o re detailed discus- 
sion, see iKormendv & KennicuttI l2004t iMaller et al.1 l2006t 
IHopkins et al.l l2008cl) . This BH mass of ~ W Mq cor- 
responds to a maximum bolometric luminosity of ~ 0.3 x 
IO'^Lq (1.3 X lO'^^ergs"') when radiating at the Eddington 
limit^ 

Moreover, these distinctions are reinforced by a simple 
scaling: the minimum bolometric luminosity associated with 
"true" quasars is ^ lO'^L© (Soiferetal. 1987) (this trans- 
lates to a typical optical magnitude Mb < -23; the tradi- 
tional Seyfert/quasar division introduced bv lSchmidt & Green! 
([T983h as an observational, not ph ysical d i vision ). Fueling 
a Seyfert (Lboi < lO'^L©) for a Salpeteii (11964 time ts = 
4.2 X 10^ yr (the e-folding time for exponential growth at the 
Eddington limit, given a typical radiative efficiency expected 
of BH accretion = L\,o\/(Mc^) ~ 0.1), similar to the life- 
time of a high-accretion rate episode suggested by various ob- 
servational constraints (clustering, sizes of radio jets, and the 
transverse proximity effect; for a review see Martini 2004), 
requires < 10^ M0 worth of accreted material (unsurprising, 
given that this luminosity corresponds to a BH of around 
this mass at its Eddington limit). Allowing for some rea- 
sonable efficiency of fueling (say ^ 10% of the mass within 
the BH radius of influence or vicinity of the BH) this is still 
comparable to the mass in a single or a few giant molecular 
clouds (~ 10^- 10** M0). The limits become less stringent as 
one considers lower luminosities (more typical Seyferts with 
Lbo\ ^ 10" Lq requiring only ^ 10^- IO^Mq worth of gas). 
There are many processes that could sufficiently disturb the 
gas supply in the central regions of the galaxy so as to pro- 
duce such an event - for example, even in the Milky Way, a 
sufficient random perturbation (with mass of this magnitude) 
- a near pass to the BH of another giant molecular cloud com- 
plex or massive star cluster - could torque such a mass (al- 

2 The Eddington limit giving Lboi = 3.3 X 10* Lq{Mbh/Mq) = 1.29 X 
1038 ergs-' (Mbh/Mq). 
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rea dy near the BH in molecular clouds) into accretion (see 
e.g. lGenzel et al.ll994 and references therein). Given the rel- 
ative ease of triggering and ubiquity of such systems, there 
is no reason to invoke a rare and violent mechanism such as 
major mergers - in fact, the natural expectation is that more 
mundane, far more frequent processes should dominate. 

However, fueling a bright quasar (say Lboi ~ lO'^^Z^o for 
Mb ~ -28) for a similar duration requires > 10^- 10 M© 
in gas - i.e. channeling an entire typical galaxy's supply of 
gas onto the BH itself. Given the efficiency of star forma- 
tion when dense gas is accumulated in the central regions of 
a galaxy, almost any reasonable model demands more like 
~ 10" M© worth of gas within the central ~ 50- lOOpc 
(even for objects that are fainter, but still quasars, at Lboi ^ 
IO'^Lq). Given that the timescale needed is comparable to or 
shorter than the dynamical time of the galaxy itself, a massive, 
galaxy- wide perturbation is needed (essentially the entire sup- 
ply of galactic gas must be stripped of angular momentum and 
free-fall to the center in less than a single rotational period of 
the disk), and the only mechanism expected in standard cos- 
mologies to be capable (let alone expected) to produce such a 
perturbation is a major merger (any disk instability or minor 
merger, by the nature of the amplification of that instability 
or dynamical friction, respectively, could neither channel the 
required mass in an absolute sense nor do so in less than a few 
disk orbital periods). 

This leads to the idea, motivated by detailed models for ac- 
cretion in mergers and isolated systems, that there is some 
characteristic host bulge mass/BH mass and corresponding 
quasar luminosity (which happens to correspond to the obser- 
vationally defined Seyfert-quasar division) below which these 
more ubiquitous mechanisms dominate AGN fueling (being 
more common and requiring less bulge growth to deepen the 
central potential in this mass regime). Above this division, 
less violent mechanisms are simply inefficient (they may still 
happen, but they do not sufficiently raise the bulge mass, so 
BHs quickly self-regulate and do not experience any signifi- 
cant lifetime of high-Eddington ratio growth) and the popula- 
tion requires more extreme mechanisms such as major merg- 
ers to build the most massive bulges and (corresponding) BHs. 

Here, we outline observational constraints that can be used 
to test this idea, and provide constraints on where non-major 
merger related fueling mechanisms do or do not dominate the 
BH and AGN populations. These various accretion processes 
have different observational signatures, particularly when we 
recognize that, in a self-regulated growth scenario, they must 
be treated not just as BH growth mechanisms but simultane- 
ously grow bulges. In § IIM] below, we outline a few such 
tests and illustrate some preliminary constraints from previ- 
ous works, and in §|7]we summarize the results. 

For ease of comparison, we convert all observations to bolo- 
metric luminosi ties given the app ropriate b olometric correc- 
tions from Hopkins et all (l2007dl) (see also iElvis et al.lll994t 
[Richards et al.ll2006h . We adopt a flu = 03, »a = 0.7, Hq = 
70kms~' Mpc~' cosmology and a^ SalpeteJ (Il955h stellar ini- 
tial mass function (IMF), and normalize all observations and 
models appropriately (note that this generally affects only the 
exact normalization of quantities here, not the qualitative con- 
clusions). All magnitudes are in the Vega system. 

2. HOST GALAXY MORPHOLOGIES 

A great deal of attention has been paid to the issue of 
testing merger-induced quasar fueling models by looking 
for signatures of disturbance in e.g. quasar and AGN hosts 



dBahcall et al.lll997t ICaiializo & Stocktoiil 120011 iFlovd et alj 
2004; Zakamska et al.l l2006t iPierce et al.l l2007l) . However, 
this is extremely difficult, especially at the high redshifts and 
luminosities of interest, where this fueling mechanism is ex- 
pected to dominate. Moreover, models predict that the quasar 
phase in mergers occurs at the end of t he merger, in the back- 
ground of a largely r e laxed remnant dPi Matteo et al.l 120051 : 
iHopkins et al.ll2005dllall2006h . and at these times experiments 
with e.g. automated morp hological classifi cation systems 
such as Gini-M20 and CAS (|Lot z et al. 2008a) as well as opti- 
cal identifications (iKrause et al.r 2008) suggest that even with 
perfect image depth, merger induced-quasar hosts would be 
uniformly classified as relaxed, non-merging systems. There 
is some prospect for deeper observations to reveal new in- 
sights, as e.g. very nearby systems (previously classified as re- 
laxed) have, upon deeper imaging (Bennert et al. 2008) been 
revealed as clearly interacting, and imaging of redder or more 
obscured quasars has identified interact ion-dominated pop- 
ulation s (Hutchings et al. 2003, 2006; K awakato et"an 120061: 
Urruti a et al.i 12008). with degree of interactio n increasing 
in mo re infrared-luminous populations as well dGuvon et alj 
|2006|) . but this remains prohibitively expensive for most sys- 
tems of interest. 

However, we highlight a more mundane but equally con- 
straining point here. Viewed during the final stages of a major 
merger, it may be impossible to (with present observations) 
say whether there was a recent merger/disturbance, but it is 
possible to identify whether the hosts are spheroids or disks. 
The hosts being spheroids does not uniquely imply a merger 
origin of the hosted quasars, of course, but their being disks 
would clearly put strong constraints on merger mechanisms^. 

Indeed, a number of observational studies have pointed out 
that, among the high Eddington-ratio population (important 
to distinguish from possible low-Eddington ratio, non thin- 
disk accretion in old systems), there is a characteristic dif- 
ference roughly above and below the Seyfert-quasar divide. 
Broad-line Seyferts tend to live in disk-dominated host galax- 
ies: clearly, most of these systems are not recent major merger 
remnants. Broad-line quasars, on the other hand, have pre- 
dominately elliptical hosts, candidates for recent mergers. In 
fact, Dunlopetal. (2003); Floyd et al. (2004) find that the 
transition regime is quite narrow - around a factor of a few 
in luminosity, where the population goes from strongly disk 
to bulge dominated. 

Figure [T] presents the results of studies that compare the 
morphological distribution of low and high-luminosity AGN 
selected in the same manner We show the luminosity be- 
low which the AGN sample is dominated by either disks or 
an apparently random mix of disks and ellipticals (i.e. the 
sample shows no strong preference for early-type hosts) and 
above which the samp le is dominated b y ellipticals, from the 
PG quasar sample (Dunlop et al. 2003), the sample of Type 
II quasar hosts in Zakamska et al . (2006, 2008), and simi- 
lar X-ray selected Type II samples (Rigby et al. 2006). De- 
spite significant differences in selection and many of the ob- 
served properties of the quasars in these samples, the results 

^ Disks can surviv e merger s feames & Hemguisi n996r ):IBamesl 12002ft: 
ISpringel & Hemquisll <2005l) ; IRobertson et alj i200'6? l: IHopkins etM 
<2008dlhl) : but for major mergers with large bulge growth (the cases of 
interest here), the remnant disks are generally small and compact and do not 
dominate the stellar mass. Large disks in the remnant require special condi- 
tions (usually not being coupled to substantial BH fueling); so observations 
of disk-dominated AGN hosts would still present strong constraints on what, 
if any, contribution to fueling comes from major mergers. 
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Fig. 1. — Left: Host galaxy moiphology (bulge-to-total luminosity ratio) versus AGN bolometric luminosity, from the sample of I Dunlop et aU 120031) . 
Around the characteristic Seyfert-quasar divide (L(,oi ^ IO'^Lq), hosts transition from being a representative mix of bulges and disks to being exclusively bulge- 
dominated (Es and SOs): major-merger remnants must be bulge dominated (even if tidal disturbances fade rapidly), whereas non-merger fuehng mechanisms 
allow a random mix of non-spheroid hosts. Right: Luminosity where the observed AGN host galaxy populations transition from being essentially random or 
disk-dominated (at low-L) to bulge-dominated (at high-L), from the observed samples of Malkan et al. 1 1998, pink arrow), Kauffmann et al., 1,2003. purple arrow), 
iDunlop et al. (2003, blue circle), Zakamska et al. (2006, 2008, red inverted tiiangle), and Rigby et al. (2006, green triangle). The low-z samples do not include 
bright quasars or see such a transition, so set only a lower limit here. At redshifts z < 1 where morphologies are observed over the dynamic range of interest, a 
characteristic transition in host properties appears roughly at similar luminosity. 

are similar in each study: a sharp transition (over a factor 
^ 2 in L) between disk/star-forming (or random) host galax- 
ies at Lboi ^ lO'^i'O predominantly elliptical or bulge- 
dominated hosts at brighter luminosities. 

3. RELIC BULGE MORPHOLOGIES/PHENOTYPES 

Numerical simulations and, increasingly, observations have 
established that at least major mergers form "classical 
bulges,'"* whose properties resemble those of scaled-down el- 
lipticals (see references in §[T]i. On the other hand, the alterna- 
tive fueling mechanisms discussed in §[T](bars and sufficiently 
minor mergers), to the extent that they result in any bulge for- 
mation at all, yield "pseudobulges," with distinct properties: 
lower Sersic indices and concentrations more analogous to the 
progenitor disk, larger sizes, a higher degree of rotational sup- 
port, more ongoing star formation and bluer colors, and often 
a boxy or "peanut"-shaped morphology or clear inner disk. 
If there is a characteristic transition regime above and below 
which certain processes dominate, this should be imprinted in 
the detailed classes of bulges left as relics. 

Figure|2]compares the mass function of BHs in local bulges, 
separated into classical and pseudobulges. Given the mass 
function of bulges/sphero ids, we convolve with the observed 
BH-bulge mass relation ( Marconi & Hun t 2003) and its scat- 
ter to obtain the corresponding BH mass function. Note 
that although there may be an offset between the BH-host 
galaxy correlations in pseudo and classical bulges, suggested 

* The consequences of minor mergers are more ambiguous. Most minor- 
merger remnants would be classified as "classical" bulges down to mergers 
of mass ratios ~ 8 : 1 or so, but results are not clear for more minor inter- 
actions. In minor mergers, the dependence of the remnant structure on the 
initial orbital parameters and other properties increases - for a large range 
in such parameters, the combination of tidal stripping and large orbital times 
makes it ambiguous whether or not the system can even be classified as a 
genuine "merger" 



by theory (jY ounger et al. 2008 |) and observation s dHul 120081: 
iGreene et al..,2008: Gadotti & Kauffmannll2008h . the magni- 
tude of this offset is sufficiently small that it makes no differ- 
ence to our comparisons here^. 

Given the spheroid mass function, we classify systems as 
pseudo or classical bulges given one of three different (com- 
monly adopted) observational proxies. First, their fitted Sersic 
indices (systems with n., < 2 being predominantly pseudob- 
ulges, systems with higher n^, similar to observed ellipticals, 
being classical bulges; see Fisher & Drory 2008) ; we adopt 
the biva riate mass-Ser s ic inde x distribution from Driver et alj 
t2006<) : iGraham et al] (l2007h . Second, their colors (bluer- 
than-average systems bei ng predomina ntly pseudobulges); 
iDrory & Fishe3(l2007h and lFished (|2006) demonstrate a tight 
correlation of this n ature and we adopt the corresponding 
color divisions from iDriver et"an (2007). Third, their host 
galaxy types (bulges in systems later than Sbc being predomi- 
nantl y pseudobulges) , with t he type-separated mass functions 
from'Kochanek et al.' (2001') and type-d ependent B/T values 
from Aller & Richstone (2002); Balcell s et all (l2007h . Re- 
gardless of the definition, the estimators agree on a similar 
mass ^ 1 - 3 X 10^ Mq where the transition occurs, which at 
the Eddington limit gives a luminosity ^ lO'^L© correspond- 
ing to the disk-spheroid host division above. 

4. SMALL-SCALE CLUSTERING 

The merger rate is enhanced in small-scale overdensi- 
ties, and this means that (with respect to a random, non- 
merger population with similar masses and large-scale clus- 
tering properties) recent merger remnants will exhibit en- 
hanced clustering on small scales (within of order the size 

^ If adopted, this shifts the mass where the bulge/BH population transitions 
from pseudobulge to classical bulge-dominated to lower mass by a factor 
^ 1.5-2, comparable to the existing systematic uncertainties. 
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Fig. 2. — Local BH mass function (black), divided into BHs in "pseudobulges" (blue; generally formed in non-merger related secular evolution) and "classical" 
bulges (red; formed in mergers). Different lines adopt different observational criteria for dividing the observed bulge population into pseudo and classical bulges 
(details in text). Regardless, a characteristic transition occurs at a BH mass ~ 1 -3 X 10' Mq, which at the Eddington limit corresponds to the same ~ 10'-Lq 
luminosity in Figure [T] The BH mass function is consistent with merger-induced fueling above this mass/luminosity limit, and non-merger fueUng below the 
limit. 

vations extend this (albeit with increasing error bars) from 
z = 0-2.5, consistent with a relatively constant small-scale 
clustering excess of a factor ^ 2. Unfortunately, compara- 
ble observations for Seyferts exist only for the low-redshift 
(z < 0.5) sample in Serberet al. (2006). This sample is con- 
sistent with no small-scale excess (i.e. requiring that Seyferts 
show no preference for groups or dense small-scale environ- 
ments, relative to a random galaxy in a halo of similar mass), 
or at least any such excess is smaller than that in quasars at 
high significance, but observations at lower luminosities are 
required to extend this to higher redshifts. 

5. REDSHIFT EVOLUTION 

The rates and fractions of gas-rich mergers are expected and 
observed to increase at higher redshift (albeit wi th debate re- 
gardi n g how rapid this increas e may be; see e.g. [Patton et al 
20021: IConselice et al." '2003'; 'Bundv et al.' 2004; Lin et al 
2004 'Xu et al. 2004; De Propris et al. 2005; Cassata et al 
2005; Wolfetal. 2005; Bund v et all 120 05: Lotz et al. 200 
| 2008b; .Bell et al., ,2006; Bridg e et alllToO?: Kartaltepe et al 
l2007r A truly random subpopulation, on the other hand, will 
of course have a constant fraction (even a gas-fraction depen- 
dent population driven by e.g. random triggering through en- 
counters with mo lecular clouds in a ga s-rich disk will show 
similar behavior: iHopkins & Hernquisll[2006) . and observa- 
tions suggest the bar fra ction in disks is constant (or even de - 
creasing) with redshift dSheth et al.ll2003l; iJogee et alj|2004l) . 
Likewise, the fraction of galaxies experiencing minor merg- 
ers (mass ratios > 1 : 10) is essentially constant at ^ 1 at 
all redshifts (not surprising given that the dynamical fric- 
tion time for such a merger is of order the Hubble time; 



of a host halo, ~ 200kpc). This is seen observation- 
ally in recen t merger remnants and post-starburst elUpticals 
dGotol 120051) . and both cosmological s imulations and ana- 
lytic models (Scannapieco & Ohl l2004l: iThacker et all 120061; 
iHopkins et al. 2007c, 2008g) predict that it should leave an 
observable signature in the small-scale clustering of quasars, 
to the extent that they are a merger-induced population. 

Indeed, such a small-scale excess has been seen 
dHennawi et alj 12006 *), in both low-redshift dSerber et alj 
|2006|) and high-redshift (Myers etal. 2007)j cmasar popula- 
tions. Interestingly, however. ISerber et al.l d2006l) see no such 
excess in the low-redshift Seyfert population, with a transi- 
tion luminosity (between the presence and absence of such a 
feature) corresponding closely to that in Figure[T] 

We summarize these results in Figure[3] At low redshift, we 
compare the relative small-scale bias (amplitude of the obser- 
vationally estimated bias at r relative to that as r — ^ oo) for 
Seyf erts and quasars in the fSerber et aP d2006l) sample (see 
also ' Padmanal7han et all |2008[ who more robustly describe 
this difference as requiring that quasars have a higher halo 
occupation in small groups). The excess seen for quasars 
(and not for Seyferts) is very similar (both qualitatively and 
quantitatively in magnitude and characteristic r where the ef- 
fect begins) to that seen in known recent merger remnants and 
post-starburst ellipticals (Goto 200 5|) and pred i cted for recent 
galaxy merger remnants dThacker et alj|2006l IHopkins et al.l 
120075 l2008gli a). 

We can summarize this result by comparing the average 
bias/clustering amplitude within ^ lOOpc, relative to that at 
large r (i.e. the "excess" bias on one-halo/group scales), for 
different samples as a function of redshift. Quasar obser- 
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Fig. 3. — Excess small-scale clustering of quasars and Seyferts. Left: Observed correlation functions from Serber et al. (2006) for optical quasars (red filled 
squares) and Seyferts (black open squares) - we plot the bias as a function of scale radius determined from the correlation function at each radius relative to that 
as r — > oo (i.e. dividing out the best-fit large-scale dark matter correlation function). Dot-dashed line shows a constant bias as a function of scale (i.e. no excess 
of small-scale densities, expected if the galaxies are a random subpopulation with no preference for small groups), solid (dashed) orange line shows the predicted 
excess on small scales expected for recent merger populations from cosmological models and simulations (reflecting a preference for small group environments; 
see lThacker et alJ2 006; Hopkins et al. 2008g). Right: Ratio of the mean bias at small radii (r < 100/?"' kpc) to that at large radii (the asymptotic values i n the left 
panel), at all redshifts where this has been observed. Lines show the predicted excess from the previous panel. We show the same observations from Se rber et alj 
(2006J (squares), as well as high-redshift observations from Myers et al. 1 2007) (circles), which include only quasars. Quasars display a similar excess at low and 
high redshifts (consistent with a constant excess at all z), expected in mergers. Seyferts show no such excess at low redshifts, but high-z observations are needed. 

quasars will scale as the merger number density times the ratio 
of their observable lifetimes, fg/fmergei- Observational selec- 
tion of mergers is sensitive to the full time of orbital decay 
from some radius (in the case of pair selection) or time since 
first passage (when morphological disturbance is excited) un- 
til some number of dynamical times after the mergers when 
features relax; calibration of these selection methods against 
high-resolution hydrodynamic merger simulations suggests 
an observable lifetime fmerger ^ 1 -2Gyr. On the other hand, 
while the total time of activity at lower levels may be much 
longer, a typical bright quasar phase l asts only ^ 20-40Myr 
(see references above or lMartinil2004 or considering the time 
for e.g. doubling of BH mass in a high Eddington ratio phase). 
This suggests a value of fg/fmerger ~ 1/25- 1/50, which we 
find provides a good match to the relative number densities of 
quasars and mergers (but in any case we are not trying to com- 
pare the absolute number of objects, but their relative redshift 
evolution; for our purposes the normalization is arbitrary). 

We also compare with the prediction from cosmological 
models: first, the dark-matter only mer ger fraction (adopting 
the observable merger timescales from Bovlan-Kolchin et al] 
(2008); Hopkins "et alj (|2008g) and halo merger rates from 
iFakhou ri & Ma (2008)), for halos sufficiently massive to host 
such a quasar (using the Eddington limit as a l ower bound and 
assum ing a fixed Mbh - A^haio relation from Ida Angela et alJ 
120081 this gives Mhdo > lO^^/i'^M©; although the predic- 
tions are not sensitive to halo mass). Second, the predicted 
galaxy merger rate from halo occupation models, fixed to re- 
produce the galaxy mass functions, clu stering, and their evo- 
lution (here from Ho pkins et al.ll20083) . Both are rescaled by 
the same approximate ratio of lifetimes. 

We can reverse this comparison and show the same trends 
in terms of the "active fraction" - i.e. the fraction of avail- 
able halos (above a given halo mass or hosting a given BH 
mass) that host a quasar or AGN within some luminosity 



iBovlan-Kolchin et al.ll2008l) . 

If the average quasar/Seyfert lifetime is (at least in a sta- 
tistical sense) some constant duration or approximately con- 
stant fraction o f the observable merger lifetime - as suggested 
by simulations ([Hopkins et aLll2 005d c b), mock observations 
dLotz et al.l2008aF iKrause et ali200 8). and observatio nal con- 
strain ts on quasar lifetimes and duty cycles (see e.g. lMartinil 
|2004 and references therein) - then this may be reflected in 
the evolution of the number density or fraction of halos host- 
ing AGN of different luminosities (albeit with the caveats in 
§0. 

Indeed, it is well-established that the number density of 
bright quasars increases rapidly with redshift, peaking at z 
2-4 (above which the population must decline, as the abso- 
lute number of intermediate to high mass halos/galaxies that 
could host such massive BHs rapidly decreases), whereas the 
number density of low-luminosity Seyferts remains relatively 
constant, peaking at very low redshifts and declining above 
z-0.5-1. 

Figure |4] summarizes these results and compares them to 
expectations of merger rates. First, we compare the abso- 
lute number density of quasars above the luminosity thresh- 
old of interest (Lboi > lO'^L©) and Seyferts (10^ L© < Lboi < 
lO'^L©). We compare to the number density of observed 
mergers^ (with masses ~ 1O'"-1O"M0 such that they are 
representative of the galaxy masses hosting these BHs and 
AGN). To lowest order, the number density of merger-induced 

' Technically, we are interested in the number of gas-rich mergers, which 
many of the observations considered do not specifically distinguish. How- 
ever, they are most sensitive to these mergers (e.g. spiral-spiral mergers), as 
they are both brighter and tend to excite more dramatic tidal features and 
morphological disturbance than e.g. a spheroid-spheroid merger of the same 
mass. Moreover, where observations separate the two, the number of "dry" 
or dissipationless spheroid-spheroid mergers is much smaller (^^ 10%) than 
the number of gas-rich mergers (e.g. iLin et al.»200S) . 
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Fig. 4. — Left: Observed quasa r (red sol id) and Seyfert (blue dashed) number den sities as a function of redshift, from the compilation of AGN luminosity 
functions in'Hopkins et al.' ilOOld) (see also'Hasinger et al.'2005:'Shanka r et aU2007l and references therein). We compare with the number density of gas-rich 
(disk-disk) mergers observed (Lin et al. 2008; Conselice 2006, pink diamonds and magenta triangles with dotted lines, respectively), multipHed by 1 (upper) and 
1/50 (lower), reflecting e.g. an approximate ratio of the visible merger timescale (> Gyr) to the quasar/Seyfert lifetime (we are not attempting to constrain the 
lifetimes here, only the relative redshift evolution). We also compare with predicted merger rates in corresponding dark matter halos (sufficiently massive to 
host each population; see Fakhouri & Ma 2008, green dot-dashed) and halo occupation models of galaxy-galaxy mergers (also with corresponding mass Umits; 
[Hopkins et al. 2008°, green dashed). Right: Same, in terms of the quasar/Seyfert/merger fraction. AGN fractions are defined in terms of halo occupation models 
(see t ext) or the minimum galaxy/BH mass required to host a given AGN. We add merger fractions from Conselice et al. 1 2003, magenta X 's), Bundy et al. 1 2004 , 
120051 gre en st ars), Lin et al. ( 2004, pink circles), Xu et al. (2004, dark blue circles), De Propris et al. (2005, black asterisks), Cassata et al. (2005, cyan inverted 
triangles), [Wolf et al. (2005, orange diamonds), Lotz et al. (2006, 2008b, dark green +'s). Bell et al. (2006, red pentagons). Bridge et al. (2007, violet squares), 
and Kartaltepe et al. ( 2007, blue triangles). Quasar number densities/fractions rise with redshift and peak/flatten at z > 2, in agreement with merger rates, whereas 
Seyfert number densities are constant or decline at increasing redshift, more similar to a population with random (constant in redshift) triggering or the observed 
bar population iSheth et all2003l ; IJogee et alJ2004l) . 



range. This is just the observed merger fraction muhipHed 
by the ratio of Hfetimes fg/fmerger- The quasar fraction in 
terms of e.g. halo mass can be defined i n detail usin g halo 



2005 



2007 



occupation models for qu asar clust ering dCroom et alj 
Porciani & Norberg 2006j iFine et a l. 2006; Shen et al 
da Angela et al.n2008 ) or simply taking the ratio of the num- 
ber of quasars to the number density of halos sufficiently mas- 
sive to host any QSO in the relevant luminosity bin (both re- 
sults are identical for our purposes). Clearly, regardless of the 
details of the observable lifetimes, the quasar number density 
and fraction rises with redshift in a manner roughly consistent 
with the predicted and observed rates of mergers (somewhat 
faster, in fact, but we have ignored subtleties here such as evo- 
lution in quasar lifetimes, dependence on host properties, and 
dependence on the overall gas supply and gas content of the 
merger progenitors). 

We repeat these experiments for the Seyfert population (in 
this case rescaling by a ratio of lifetimes fseyfen /f merger 1)^- 
These trends, regardless of normalization, cannot match the 
observed redshift dependence of Seyfert number density or 
fractions. On the other hand, the weakly evolving (or even 
decreasing with redshift) observed bar fractions can provide 
a very plausible match, given an average ratio of lifetimes 
^ 0.3-2, as can an essentially constant ^ 1 fraction of sys- 
tems undergoing a minor merger, or the fraction of disks ex- 
pected to be undergoing stochastic activity triggered by ran- 



' Note that we are here considering all Seyferts down to very low AGN 
luminosities Ltoi IO'Mq (Mb = —15 or L2-l0kcV ~ 10*'^ ergs"'; includ- 
ing obscured sources at these luminosities) - at these luminosities expected 
lifetimes are large, ~Gyr (duty cycles are observationally seen to be ~ 10%), 
so this ratio ?scyfeit(> lO''L0)/<nicrger ~ 1 is expected. 



dom crossings of molecular clouds with the BH radius of in- 
fluence (see Hopkins & Hernquist 2006). 

6. HOST GALAXY COLORS AND STAR FORMATION HISTORIES 

Finally, recent merger remnants should exhibit differ- 
ent host galaxy colors and star formation properties rel- 
ative to a random sub-population of "normal" galax- 
ies (or bar/minor merger remnants). These characteris- 
tics are difficult to measure in practice, especially since 
whatever merger-induced starburst occurs will generally 
leave a dissipative, compact stellar population (effec- 
tive radii of the young populations often < l-2kpc in 
mergers and remnants; Scoville et al. 1986; Sargent et alJ 
1987; Kormendv & Sanders 1992; Hibbard & Yun 19991 
Genzel et alj 120011: iTacconi et all 120021: iRothberg & JosephI 
12004. .2006D, which could be masked by the quasar PSF and 
will rarely dominate the bolometric light output of luminous 
QSOs. 

That being said, there has been tremendous effort 
to constrain the stellar populations of AGN observed 
at many different luminositie s and in different wave- 
lengths (e.g. U rotherton et al. l 119991; ICanahzo & StocktonI 
2001; Farrahetal. 2003, 2005'; 'Kauffmann et al.l 12003; 
Yipetal. 2004; Jahnke et al. 2004a b; Sanchez et al. 2004 
Vanden Ber k et all I2006t IBarthell I2006t IZakamska et all 
,2006) . From these efforts, it has been established that AGN 
and star formation activity are broadly contemporaneous. 
This alone does not distinguish between different fueling 
models, so long as a reasonable gas supply is available. How- 
ever, the manner in which the two accompany one another 
does distinguish between models. 

A star-forming (disk) galaxy that experiences a minor 
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(Seyfert-level) triggering event, be it a minor merger, bar 
or disk instability, or stochastic interaction of BH and giant 
molecular cloud, will continue (after the AGN episode) as just 
as much a star forming system as before. This is true even in 
the most extreme feedback models, as it is nearly impossi- 
ble for an AGN episode to influence star formation in a dense, 
self-shielding galactic disk with a very lar ^e mass (see e.g. the 
simulations and analytic calculations in 'Murrav et al.l 120051 : 
[Thompson et al. 2005; Hopkins et al. 2008c). Moreover, it is 
physically not possible to channel the entire galactic gas sup- 
ply into the center of the galaxy (to be consumed in a star- 
burst) in such events (by definition not so in random events 
or minor mergers, and by various conservation laws in disk 
instabilities). 

On the other hand, a major merger can efficiently exhaust 
the gal actic gas supply by channel i ng ga s into nuclear star- 
bursts (iMihos & Hernauisti Il994bl [l99a ICox et alJ l2006bl 
|2008|) . leading to associated star formation and AGN fueling 
with a long tail of AGN activity after the final coalescence and 
rapid decline in the star formation rate owing to exhaustion 
of the nuclear gas (Springel et al. 2005b a). In short, much 
(although not all) of the merger-induced AGN activity will 
come after the system has akeady begun to redden as a post- 
starburst system. 

This is supported by a large number of observations 
of stellar populations in AGN. High Eddington ratio sys- 
tems are observed to be preferentially in bluer-than-average 
spheroids, but systems that are still redder than typical disks 
of the same mass - i.e. spheroid-do minated systems in the 
so-called "green valley"^ (see e.g. Brotherton et al. 1999^, 
Kauffmann et al. 2003; Sanchez et al. 2004; Kewley et al. 
2006t|Nandraet al. 2007; Silverman et al. 2008). 

In particular. fVanden Berk et al.. (.200 6) argue that brighter 
quasars (as opposed to Seyferts) preferentially show post- 
starburst activity (rather than a strong preference for large 
amounts of on-going star formation), as expected in effi- 
cient mergers (and opposite the expectation for secular fueling 
mechanisms), with the strengt h of these signat ures increas- 
ing in more luminous systems. IShi et al.l (l2007h demonstrate 
that the recent star formation activity associated with Seyfert 
galaxies at low redshifts implies that - although there was 
some pre-Seyfert star formation - they were sub-LIRG sys- 
tems at the peak of their pre-Seyfert star formation episode 
(even assuming this star formation came in a rapid burst, they 
would have been less luminous than L ^ 10" L©), typical of 
star-forming galaxies. In contrast, the recent star formation 
they identify in quasars is enhanced - if it came in a sudden 
pre-quasar burst, it would imply these systems were (briefly) 
LIRG/ULIRG systems (L > 10" M©), a luminosity regime 
that is empirically almost universally associated with mergers 
over t his redshift range (TAllen et al. 1985; Joseph & Wrigh^ 
ll985l:lArmus et al.l ll987; Sanders & Mirabel 1996). 

These luminosity thresholds may evolve with redshift, but 
as a qualitative st atement th e same should be true. At 
z = 2, for example, iLutz et al] ( 120081) argue that the quasars 
in their sample requir e ^ 1000M©yr ~' recent star forma- 
tion episodes (see also Wang et al. 2008), at the hyper-LIRG 
level demanding (in almost any model) and ubiquitously as- 
sociated with major mergers, but find that their Seyferts 

^ The region in the color-magnitud e or color-mass diagram (see e.g. 
IStrateva et all 12001k IBaldrv et alj|2004l) between the locus of star-forming 
galaxies (the "blue cloud") and passively evolving spheroids (the "red se- 
quence"). 



(Lbol ^ 3 X 10"L©) reflect lower-level recent star forma- 
tion (consistent with LIRG-like luminosities, which simu- 
lations and observations suggest may commonly arise from 
very ga s-rich disks at these redshifts witiiout major merg- 
ers; Le Floc'het al. 2005; 'Reddv et al.l l2006l; lYan et al.ll200l 
.Dasyra et al . 2008; Sajina et aL 2001). 

It has been argued that quasars in general exhibit post- 
starburst signatures of a magnitude such that > 10% of the 
stellar mass mus t have been formed in a recent starburst (re- 
cently see e.g. Higd on etal.ll2008l for a review see Canal- 
izo & Stockton 2001). Such a large mass fraction is dif- 
ficult to explain through any fueling mechanism other than 
a major merger, and is also in very good agreement with 
the major-merger induced starburst masses implied by obser- 
vations and simulation models of the the surface brightness 

S irofiles and kinematic s of "classic al" bulges and ellipticals 
Kormendv et all 120081; iHopkins et al. 2008a i.b.f). The ob- 
served kinematics and structural prope rties of quasa r hosts 
are also consistent with this scenario (iDasvra et al.l 12007). 
and their location on the fundamental plane and associated 
scaling relations obeyed by classical bulges requires such 



Lake & Dresslei" '1986t 'Hernauist et al.l II993l .Do von et all 


1994; Shier & Fischer 1998; James et al] 19991; 


Genzel et aE 


2001; Tacconi et al. 2002; iRothberg & JosephI 


20041 120061 



,Dasyra et al...2006. .2007). 

7. DISCUSSION 

In self-regulated scenarios for the growth of black holes, 
growing the bulge (deepening the central potential around the 
BH) is as much a requirement of sustained bright, high Ed- 
dington ratio quasar activity as is actually getting a fuel sup- 
ply of cold, low angular momentum gas into the vicinity of the 
BH. Moreover, fueling a Seyfert requires something like the 
mass of a few giant molecular clouds near the BH, whereas fu- 
eling a bright quasar requires channeling a galaxy's worth of 
cold gas into the central ^ 10- lOOpc. This generically leads 
to the expectation that non-merger related models for quasar 
fueling become inefficient around a characteristic BH mass of 
~ 1 - 3 X 10^ M© (host bulge mass ~ 10'°M©), coiTespond- 
ing to the characteristic bolometric luminosity of these BHs 
near Eddington, ^ 10'^ L© - rema rkably near the trad itional 
Seyfert-quasar divide {Mb « -23; ISchmidt & Greed [T983I) . 
Essentially, this is a restatement of what has become the con- 
ventional wisdom and is increasingly established by obser- 
vation in the field of elliptical galaxy/bulge formation: mas- 
sive (predominantly "classical") bulges are formed in major 
mergers, whereas low-mass bulges (predominantly "pseudob- 
ulges" in low-mass disks with types Sb and later) have large 
populations formed by non-merger mechanisms (i.e. bars and 
instabilities, or bar-like activity triggered in sufficiently minor 
mergers). 

We outline five simple tests to distinguish these modes of 
fueling and determine whether (and if so where) such a tran- 
sition occurs. In each case, there is at least tentative evidence 
for the scenario we outline, although more detailed observa- 
tions as a function of AGN luminosity and redshift are needed 
to develop more robust constraints. True quasars tend to have 
spheroidal hosts, and their relic BHs live in classical bulges; 
they exhibit characteristically strong small-scale clustering; 
their redshift evolution from z ~ 0-2 is similar to that of the 
gas-rich merger population; and their colors indicate their na- 
ture as post-starburst systems. Seyferts, on the other hand, 
tend to live in a broader mix of hosts or in disk-dominated 
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galaxies, and their relic BHs exist in pseudo-bulges; they ex- 
hibit weaker small-scale clustering, consistent with random 
galaxies of similar mass; their redshift evolution is weak - 
their abundance remains constant or even decreases with red- 
shift, similar to what is observed in the fraction of barred 
disks and predicted for stochastic (quiescent) fueling mech- 
anisms; their star formation histories are suggestive of blue, 
star-forming galaxies. 

It is important to emphasize that none of these constraints 
uniquely or individually implies e.g. a merger origin for bright 
quasars. For example, the morphologies could reflect their 
simply being re-ignited by e.g. minor mergers, gas cooling, or 
stellar mass loss in evolved ellipticals; but this is difficult to 
reconcile with their clustering (why they do not trace random, 
more evolved ellipticals in such a case), colors (why they ap- 
pear post-starburst), or redshift evolution (why they would not 
grow in abundance at late times, as the cooling rates, stellar 
mass loss rates, and number density of such ellipticals are all 
higher). Their classical bulge relics could have been trans- 
formed from "initial" pseudo-bulge hosts at the time of the 
quasars by dissipationless (dry) mergers'^, but again this fails 
to explain their clustering and colors, and makes the predic- 
tion that there should be very little true classical bulge popu- 
lation at intermediate redshifts. There are many ways to pop- 
ulate galaxies as subhalos that reproduce the clustering signa- 
ture on small scales (see the discussion in Padmanabhan et al] 
I2OO8I) . but those that correspond to a reasonable fueling hy- 
pothesis: e.g. that AGN are random spirals in a certain mass 
range in groups, or rapidly star-forming objects/LIRGs, fail to 
reproduce the other observations considered. Redshift evolu- 
tion and star formation histories are similarly degenerate un- 
der various fueling models, but again it is the particular com- 
bination of features that is difficult to reproduce. 

Together, then, these argue for a scenario with a reason- 
ably rapid (and not strongly redshift-dependent) transition be- 
tween major merger and non-major merger fueled populations 
around the traditional Seyfert-quasar divide. If true, this has a 
number of corresponding implications for the demographics 
of BHs and AGN: BHs less massive than ~ 1 - 3 x 10^ Mq 
(and their corresponding host bulges < lO'^M©, typically 
Sb and later-type galaxies) would be built up primarily via 
non-merger mechanisms, whereas more massive black holes 
and bulges - the "classical" systems generally associated with 
early-type galaxies (Sa and earlier) - would be built up pri- 
marily via mergers. In an integral sense, then, these merger- 
built systems dominate the total mass density of black holes 
(with most of the mass density in ^ 10^ Mq black holes 
near the break in the black hole mass function), constitut - 
ing ^ 80% of the mass in BHs (see e.g. iMarconi et al.ll2004h . 
Correspondingly (by the Soltan 1982 argument), these sys- 
tems should dominate the total luminosity density of quasars 
and AGN (integrated over all redshifts). Given the ob- 
served evolution of the quasar luminosity function, a redshift- 
independent division at the quasar-Seyfert divide implies that 
the luminosity density is dominated by mergers at high red- 
shifts, with a transition to dominance of non-merger induced 
fueling below redshifts z ^ 1 . Despite their relative lack of 

' In practice, this is probably not possible without new dissipation to ef- 
fectively re-build the bulge, because conservation of phase space densities in 
dissipationless mergers means that pseudobulges - which characteristically 
have low central densities corresponding to fitted Sersic indices to their mass 



importance in the integrated AGN luminosity density, because 
of the sensitivity to lower-redshift AGN, this suggests that a 
large (perhaps dominant) fraction of the X-ray background is 
contributed by these non-merger related systems. There are 
clearly a large number of important implications for such a 
distinction. 

A major caveat to this comparison is that, depending on 
the selection depth, wavelength, and methodology, the Seyfert 
population recovered could have very different properties, bi- 
asing it to be more similar to or different from the quasar 
population. This is because, unlike at bright quasar lumi- 
nosities which effectively require massive BHs near Edding- 
ton, there are two ways to achieve, in practice, Seyfert lumi- 
nosities: a low-mass BH at high Eddington ratio and a high- 
mass BH at low Eddington ratio. High mass systems at low 
Eddington ratio could be the long-lived remnants of merg- 
ers, slowly decaying in AGN luminosity after some initial, 
bright quasar phase or re-activated by e.g. accretion of new 
gas in cooling flows or minor mergers, exhibiting characteris- 
tically early-type, classical-bulge dominated hosts, with post- 
starburst populations that might be young for ellipticals but 
are older than those seen in spiral galaxies. Small-scale clus- 
tering signatures in such populations may remain if they were 
merger-triggered, but it depends significantly on their long- 
term evolution. The number density evolution of such sys- 
tems, being cosmologically long-lived and not directly tied 
to an instantaneous merger rate (even if they are merger- 
triggered) will reflect, as we predict above, a relatively con- 
stant order unity duty cycle. Being at low Eddington ratio, 
and therefore dim relative to their hosts in optical bands (and 
possibly radiatively inefficient), such systems may be more 
commonly seen in X-ray or narrow-line surveys. 

On the other hand, surveys of broad-line or optical/IR dom- 
inant Seyferts may be more likely to pick out systems at high 
Eddington ratio, i.e. low-mass, gas-rich systems that might 
be triggered by minor mergers, bar or disk instabilities, or 
stochastic encounters with molecular clouds. These systems 
will be disky, gas-rich, and pseudobulge-dominated, with no 
small-scale clustering preference, a constant order unity duty 
cycle, and more ongoing star formation. These distinctions 
are discussed in detail in Hopkins et al. (2008j); here, we have 
attempted to develop a robust set of predictions that, together, 
can distinguish AGN populations connected to mergers from 
either of these "quiescent" modes of fueling Seyferts (or from 
the most likely Seyfert population, some mix of the two). But 
in several of the tests proposed here, these different fueling 
modes at low luminosities will manifest differently, and thus 
they should be considered means to constrain and discrimi- 
nate among different low-luminosity populations, as well. 



We thank Mike Brotherton, Josh Younger, and Pat Hall for 
helpful conversations and discussion in the development of 
this paper This work was supported in part by NSF grants 
ACI 96-19019, AST 00-71019, AST 02-06299, and AST 03- 
07690, and NASA ATP grants NAG5-12140, NAG5-13292, 
and NAGS- 13381. 

profiles with n , < 2 - cannot be dissipationlessly re-merged and produce 
something with the high central densities characteristic of classical bulges 
(reflected in Sersic indices «, > 4). 
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